Introduction
The aerospace industry has been attracted by additive manufacturing (AM) for its high Buy-to-Fly ratio for raw material, high flexibility for complex-shaped component design and short prototyping time [1, 2] . Direct Laser Deposition is one class of additive manufacturing technologies and is a process of blowing alloy powder simultaneously into the molten pool created by highenergy laser beam, also known as Laser Engineered Net Shaping (LENS) [1, 3, 4] . Comparing to selective laser melting (SLM), DLD is more suitable to fabricate large components with high value materials like titanium and nickel alloys for the aerospace industry because deposition rates are higher and part size is not constrained by the powder bed size. Numerous attempts have been made on making aerospace components with Ti-64, the most widely used titanium alloy, by using DLD [5e7]. The fabrications of components made from Ti-64 are successful with careful control of processing strategy [8] , while the mechanical properties of Ti-64 made by DLD remain an issue [3] and generally fail to meet the minimum mechanical properties of forged products according to AMS4928.
Large columnar prior-b grains can be easily formed during the manufacturing process in DLD of Ti-64 due to the strong directional cooling along the building direction [3, 9, 10] . The presence of large columnar prior-b grains in Ti-64 are believed to contribute to the significant mechanical property anisotropy between the longitudinal and transverse directions in the same component [11, 12] .
Columnar b grain boundaries provide a nucleation point for grain boundary a and other a morphologies (such as Widmanstatten-a and colony a) that will adopt orientation relationships with the parent b grain. These in turn influence the mechanical properties, for instance, tensile strength is inversely proportional to a colony size and large b grains create the possibility for large a colonies. Furthermore, the presence of large columnar grains could be detrimental to some mechanical properties like ductility and fatigue crack initiation resistance [13] . Trace element additions including boron, silicon and beryllium to Ti-64 and pure titanium has been intensively investigated during casting and are known to refine the prior-b grain sizes in as-cast microstructures [14e21]. The primary mechanism for this refinement during solidification is the rejection of solute into the liquid to generate constitutional supercooling and growth restriction [14, 16] . In the case of boron solute addition, which forms TiB via the eutectic reaction even at trace level addition, the formed primary TiB whiskers with the reported B27 orthorhombic crystallographic structure can pin b grain boundary movement [21] .
Successful attempts have already been made to refine the priorb grain sizes in wire arc additive manufactured Ti-64 and powder feed direct energy deposited Ti-64 through trace boron additions [22, 23] . However, from a practical perspective it is essential to also consider the effect of the alloying on the tensile properties. Limited research exists on the effect of boron on the mechanical properties of additively manufactured titanium alloys. Boron is a unique alloy component in the sense that it is known to refine both the b-grain size and the a-grain size of titanium alloys and thus may influence the properties in several ways [15, 24] . It is also known to eliminate the grain boundary a phase which could be favourable during AM processing when considering that grain boundary a present on large columnar prior-b grains is a potential crack pathway and is believed to account for some tensile anisotropy in Ti-64 [25] . Bermingham et al. explored whether anisotropy could be reduced through trace boron additions to Ti-64 during wire arc additive manufacturing (WAAM) and found that although boron addition refined the a-grain size and eliminated grain boundary a, the anisotropy actually increased due to the presence of large (>50 mm), localised and textured TiB needles within the microstructure that acted as a crack source under tension [26] . However, it was proposed that if the size of the TiB particles was reduced, possibly through higher cooling rate AM processes, then anisotropy may be reduced and net improvement in mechanical properties could be realised.
In this work, we investigated the influence of different boron additions in the microstructure refinement of Ti-64 produced by DLD, which has considerably higher cooling rate than WAAM [2] , with a view to improve the mechanical properties and reduce tensile anisotropy. Ti-64 alloyed with different hypoeutectic boron additions (0.05 wt%, 0.5 wt% and 1.0 wt%) were fabricated with powder feed DLD. Significant refinements in both prior-b grains and transformed a grains were achieved with boron addition. The relationship between boron addition and the microstructural refinements was correlated through detailed electron backscattered diffraction (EBSD) characterization. The tensile property anisotropy was significantly reduced in DLDed Ti-64 (referred to as Ti-64 in the following of this article) with relatively low boron addition (0.05 wt %) and was almost eliminated in that with relatively high boron additions (0.5 wt% and 1.0 wt%). The influence of boron additions in Ti-64 on its microstructures and the subsequent mechanical properties was investigated and established from this study.
Experimental

Material and direct energy deposition
Pre-alloyed Ti-64 powder with nominal boron concentrations 0.5 wt% and 1.0 wt% were manufactured by gas atomization in Institute of Metal Research, Shenyang, China. The Ti-64 powder was manufactured and supplied by Falcontech® in China. The Ti-64e0.05B composition was produced by blending a mixture of the Ti-64 and Ti-64-1.0B powder in a titled rotating plate for 24 h to obtain the Ti-64-0.05B before the deposition process. The powder sizes are distributed in the range of 53e150 mm, with the morphologies as spherical ( Fig. 1 ). Some agglomerates could still be identified in these powders, especially in Ti-64 and T-64-0.05B ( Fig. 1a to d) . Trumph® Trulaser 7040 with the protective environment at the Monash Centre for Additive Manufacturing (MCAM) was used for sample fabrication (Fig. 2a ). The processing parameters were: laser power 1400 W, scan speed 800 mm/min, hatch distance 2 mm and layer thickness 0.54 mm. The fabricated samples were 10x100x100 mm 3 (Fig. 2b and c) . The deposited materials were heat treated at 700 C for 2 h, which is commonly used to anneal DLDed Ti-64 to relieve the residual stress [27e29].
The chemical compositions of samples made of Ti-64 with different boron concentrations were measured, with oxygen element measured by the inert gas fusion method and other elements measured by using the direct current plasma emission spectroscopy (Table 1) . A sample made of Ti-64 with no boron addition was also fabricated in the same size for reference. The oxygen concentrations in Ti-64-0.5B and Ti-64-1.0B were lower than that in Ti-64-0.05B, however, are still well within ASTM Grade 5 specification (0.2 wt% max).
Optical microscopy
The samples with different boron concentrations were ground with silicon carbide papers and polished with OP-S solution. For optical microstructural characterization, the polished samples were etched with Kroll's reagent (1 wt% HF, 4 wt% HNO 3 and 95 wt% H 2 O) and were observed with the optical microscope Olympus GX-51.
X-ray diffraction (XRD)
X-ray diffraction (XRD) Bruker D8 Advance with Cu Ka radiation was used to characterize the presence of phases (TiB, a and b phases) on polished surfaces of Ti-64-0.05B, Ti-64-0.5B and Ti-64-1.0B. The XRD scan started from 2q of 10 and finished at 2q of 70 with each step 0.007 . The post analyses on the acquired datasets were carried out by using Bruker Eva (version 4.3). The set-up of the DLD process, with a heat-resistance plastic bag used to create the protective environment, (b) one of the actual building samples with the size of 10x100x100 mm 3 and two tensile testing specimens; and (c) the schematic of the built with the building direction (longitudinal direction) marked as 'Z'. Two transverse directions were also marked as 'X' and 'Y'. Three different surfaces of the samples facing 'X', 'Y' and 'Z', were identified as Y-Z, X-Z and X-Y, respectively for further characterization in this study. Scanning electron microscope (SEM) with field emission gun (FEG) JOEL™ 7001F with the working voltage 20 kV and probe current 15 nA was used for the secondary electron and backscattered electron micrographs. Another FEGSEM FEI™ Quanta 3D equipped with electron backscattered diffraction (EBSD) detector from EDAX™ was used for the EBSD data acquisition. The post analysis of EBSD datasets was carried out by OIM™ Analysis (version 8). For the EBSD data acquisition, three different strategies have been used: (1) Large area mapping with the area of 250 Â 250 mm 2 (contain >20,000 a grains) by using 0.25 mm step size was used to obtain the EBSD orientation maps for columnar microstructure identification; (2) Small area mapping with the area of 50 Â 50 mm 2 (contain >1500 a grains) by using 0.05 mm step size; and (3) Fine area mapping with the area of 15 Â 15 mm 2 by using 0.05 mm step size. During the data acquisition for fine area mapping, the EBSD patterns were saved for the function of Re-index in OIM™ version 8.0 to improve the indexing quality. For the post analysis of the small area mapping and fine area mapping, threshold of minimum confidence index 0.1 and minimum 50 index points for a grain was used to avoid mis-indexing grains and phases.
Texture index (with the details described in [30e34]) was used along with maximum texture intensity to better characterize the texture intensity on the EBSD examined areas. Texture index was developed to fully represent the severity and sharpness of the texture as one single parameter, and is calculated through the integration of individual grain orientations [31] . For instance, the texture index of a complete random orientation is 1 and that of an ideal single crystal is ∞.
Tensile testing
Cylindrical tensile testing bars were sectioned from the built materials on two directions (Longitudinal direction on Z direction and Transverse direction on X direction as shown in Fig. 2 ) with the dimension meeting the requirements from ASTM E8 and the sample surfaces machined (with the testing specimen shown in Fig. 2b ). The gauge length of the testing specimens is 20 mm with the diameter 8 mm. Due to powder shortages, only two tensile bars (transverse and longitudinal) for Ti-64 with boron additions in each direction and Ti-64 in transverse direction could be tested in this study, while their tensile results were consistent. Three tensile bars were used to test the tensile properties of DLDed Ti-64 in longitudinal direction due to the relatively large inconsistency. The tensile testing was carried out in Instron® tensile testing machine 5804 with the crosshead speed at 0.6 mm/min.
Results
Microstructures of Ti-64 and Ti-64-xB
Optical microstructures
Large columnar prior-b grains were present in Ti-64 without boron addition with the width > 500 mm and the length >2 mm ( Fig. 3a) . Equiaxed prior-b grains could still be identified on the optical micrographs of Ti-64-0.05B, while those prior-b grains were not identifiable on the micrographs of Ti-64-0.5B and Ti-64-1.0B at the same magnification ( Fig. 3b-d ). The difficulty in identifying the prior-b grains occurs due to the elimination of the grain boundary a (which is explored further below). The sizes of the prior-b grains in Ti-64-0.05B were obviously smaller than those in Ti-64 which is 
Phase determination
The presence of both a and b phases were clearly identified by using XRD characterization on Ti-64-0.05B, Ti-64-0.5B and Ti-64-1.0B ( Fig. 4) . Meanwhile, the presence of titanium boride (TiB) phase with B27 orthorhombic crystallographic structure was also confirmed by the XRD characterization of Ti-64-0.5B and Ti-64-1.0B ( Fig. 4 a and b ). However, the volume fraction of TiB phase in Ti-64-0.05B was significantly smaller than those in Ti-64-0.5B and Ti-64-1.0B, which makes the detection difficult with XRD characterization. By using the phase diagram calculation through minimization of the Gibbs free energy of all phases in Thermo-Calc™ with the thermodynamic database TTTi3, the equilibrium mass fraction of the TiB phase could be calculated. Since the density of TiB phase is almost identical with the titanium matrix [35] , the volume fractions of TiB phases in Ti-64-0.05B, Ti-64-0.5B and Ti-64-1.0B were estimated as 0.3%, 2.6% and 5.3%. The volume fractions of TiB phases in these three materials were calculated in equilibrium state, they may differ slightly with the experimentally measured volume fractions.
3.1.3. Reconstructed b microstructures and texture b reconstruction process (the details of this process are described elsewhere [36, 37] ) was carried out based on the EBSD results obtained from Ti-64 with different boron additions on the X-Z surface. The b grain sizes were considerably reduced with more boron addition ( Fig. 5 ). Several b grains could be identified in the orientation map (OM) from Ti-64 with their thickness >400 mm (a larger map with the size of 500 Â 500 mm 2 is used), and all of them shared similar orientations (Figs. 5a and 6a). The local texture of the examined region was very strong, with the maximum texture intensity 31.3 and texture index 88.4 ( Fig. 6a ). Meanwhile, the identified b grains in the OM from Ti-64-0.05B were obviously smaller and more equiaxed comparing with those from Ti-64 ( Fig. 5b ). The thickness of the slightly elongated b grain in Ti-64-0.05B was significantly reduced to <80 mm. With 0.5 wt% B addition, the presence of both small equiaxed b grains with the diameter <20 mm and relatively large b grains with the diameter >100 mm can be identified (Fig. 5c ). The maximum texture intensities of these two examined areas from Ti-64-0.05B and Ti-64-0.5B were similar, with the values as 11.6. However, the texture index in Ti-64-0.5B (with the value of 12.7) was higher than that in Ti-64-0.05B (with the value of 7.9). The identified b grains in Ti-64-1.0B were considerably smaller with the maximum grain diameter < 90 mm and were not elongated along the longitudinal direction. These identified b grains seem to not strictly follow epitaxial growth, as some small elongated grains were aligned with the cooling direction within a molten pool. Meanwhile, the local texture in the examined area was weak, with the maximum texture intensity 3.2 and the texture index 2.2 (Fig. 6b ).
In the pole figures with rotated coordinate (pole figures were rotated to be perpendicular to the building axis), one of the 〈001〉 poles in the b grains in Ti-64 was parallel to the longitudinal direction, while the others were perpendicular with the longitudinal direction with some minor inclination ( Fig. 6a) . A relatively small fraction of the 〈001〉 poles in the b grains in Ti-64-0.05B were nearly parallel with the longitudinal direction, while the inclination was considerably large (Fig. 6b ). Most of 〈001〉 poles had no specific 
a microstructures and texture
In addition to prior b-grain texture, boron addition was also effective in eliminating the sharp a texture and reducing the texture intensities of the a phase in Ti-64 (Figs. 7 and 8). For easy interpretation of the a texture in different Ti-64 with regards to the solidification direction, which is the Z direction, only the a texture on X-Y surfaces were used. The a texture on X-Y surfaces is representative of the a texture on the other surfaces. The a texture in Ti-64 was very sharp, with the texture index of the examined area as 36 and the maximum texture intensity as 24.2 (Fig. 8a ). Since the examined area only contain a few prior-b grains and the a laths could be transformed from the same prior-b grain as indicated by the pole figures, the a texture of the examined areas could be considerably sharper than that in the bulk sample of Ti-64. The a texture was still sharp in Ti-64-0.05B, while its intensity was reduced significantly in comparison with that in Ti-64, with the texture index reduced to 2.9 and the maximum texture intensity reduced to 6.1 on the examined area ( Fig. 8b) . With boron addition of 0.5 wt% and 1.0 wt%, the texture sharpness was further reduced. The texture index of Ti-64-0.5B was only 1.9, with the maximum texture intensity 4.1 on the examined area. The texture index of Ti-64-1.0B was 1.7 with the maximum texture intensity 2.9, which was considered as weak texture.
The presence of grain boundary a was eliminated through boron addition (Fig. 7) . Furthermore, the a phase morphologies were also altered significantly with the boron addition as revealed by the OMs with fine step size and the calculated a lath thickness and aspect ratio ( Figs. 9 and 10) . With the addition of boron, the average a lath thickness was reduced significantly from 1.23 mm (the a lath thickness was averaged from the three directions) in Ti-64 to 0.75 mm in Ti-64-0.05B (Fig. 10a) . With higher addition of boron, the average a lath thickness was further reduced to approximately 0.65 mm in Ti-64-0.5B and 0.59 mm in Ti-64-1.0B (Fig. 10a) . The a lath tends to be more equiaxed due to the boron addition, which can be revealed by the change of the aspect ratio (length/width).
With only 0.05 wt% boron addition, the average a lath aspect ratio reduced from 4.0 (no boron addition) to 3.3 (0.05 wt% boron addition). With more boron addition, the average a lath aspect ratio reduced further to 3.0 (0.5 wt% boron addition) and 2.6 (1.0 wt% boron addition).
Characterization of TiB phase in Ti-64 with different boron addition
Without etching, the presence of the TiB whiskers was already clearly identified in the backscattered electron (BSE) micrographs of Ti-64 with even only 0.05 wt% boron but as expected the area fractions of TiB whiskers were higher in Ti-64-0.5B and Ti-64-1.0B ( Fig. 11a-c) . In the BSE micrographs without etching, some of the TiB whiskers were needle-shaped with different aspect ratio, while others were more likely to be plate-shaped ( Fig. 11a-c) . Meanwhile, the TiB whiskers in Ti-64e0.5B and Ti-64e1.0B tend to form clusters with 'necklaces' structure surrounding the titanium matrix in inter-dendritic regions (Fig. 11b and c) . With etching, the presence of the TiB whiskers were more obvious with the etching away of the titanium matrix. The TiB whiskers in Ti-64-0.5B were smaller and thinner compared with those in Ti-64-1.0B ( Fig. 11 d and e ).
As reported in several studies, TiB formed in Ti-64 can have orientation relationships with the a and b phases [38e43]. In this work the EBSD scan with very fine step size (0.05 mm), we successfully detected and confidently identified the presence of TiB phase in Ti-64-0.5B and Ti-64-1.0B after re-indexing. While most of with all three different boron content, these TiB phases had the following orientation relationship with one or several of the surrounding a grains ( Fig. 12 ):
(001) TiB // (0001) a ; (010) TiB // {1120} a ; (100) TiB // {1010} a .
Tensile properties and anisotropies
The addition of boron in Ti-64 altered the tensile properties while concurrently reducing the tensile property anisotropy (Fig. 13 ). The tensile strength notably increases with boron addition, however, there is also a decrease in tensile ductility. As the reference, the proof stress of Ti-64 with no boron addition was 923 MPa (on average, with standard deviation (SD) ±11 MPa) in the transverse direction and 795 MPa (on average, with SD ±41 MPa) in the longitudinal direction, with the difference of 127 MPa between the average proof stresses in the two directions ( Fig. 13b ). With only 0.05 wt% boron addition, the proof stress increased to 965 MPa (on average, with SD ±11 MPa) in the transverse direction and 913 MPa (on average, with SD ±24 MPa) in the longitudinal direction (anisotropy reducing to 53 MPa). With boron additions of 0.5 wt% and 1.0 wt%, the proof stresses in both directions increased furthermore with a significant reduction in anisotropy. The ultimate tensile stresses of boron modified Ti-64 also increased in both directions, with the anisotropy reduced ( Fig. 13c) .
A reduction in ductility anisotropy was also observed with boron addition (Fig. 13d ). The total elongation to failure (ε f ) of Ti-64 without boron addition was ε f ¼ 13% in the transverse direction, and ε f ¼ 28% in the longitudinal direction. In other words, the longitudinal direction was more than twice as ductile as the transverse direction. Meanwhile, the anisotropy in ductility reduced considerably in Ti-64 with 0.05 wt% boron with the transverse direction measuring ε f ¼ 15% and the longitudinal direction measuring ε f ¼ 19%, with only approximately 27% difference. Furthermore, the ductility of Ti-64-0.05B was higher in both orientations than that of Ti-64 in the transverse direction. However, with higher boron addition, ε f reduced significantly in Ti-64-0.5B and in Ti-64-1.0B.
The spherical porosities from entrapped gas, which are difficult to avoid, in Ti-64-0.5B and Ti-64-1.0B were mostly the crack initiation sites, while those in Ti-64 and Ti-64-0.05B were not the cause for crack initiation (only the fracture surface characterizations of Ti-64-0.05B and Ti-64-0.5B are used as the examples in Fig. 14) . Furthermore, the fracture modes in Ti-64-0.5B and Ti-64-1.0B are different with those in Ti-64 and Ti-64-0.05B (Fig. 15 ). Transgranular fracture features were dominant in Ti-64-0.5B and Ti-64-1.0B on the fracture surfaces and indicative of the brittle fracture. Meanwhile, fine dimples were dominant fracture features on the fracture surfaces of Ti-64 and Ti-64-0.05B, which were indicative of the ductile fracture. Furthermore, the micrographs of the sectioned cross sections showed the decohesion of TiB particles from the matrix after tensile testing.
Discussion
Effects of boron additions on microstructure refinement
Many studies have reported the grain refining effect of boron additions in titanium alloys at hypoeutectic compositions. The majority of this work has occurred in casting [14, 16, 21, 44] , but some examples are now emerging in additive manufacturing. Attar et al. [45] added 1.5 wt% boron to pure Ti processed by SLM and reported microstructural refinement, although the extent could not be quantified. In wire arc additive manufacturing, Bermingham et al. [22] added trace boron additions (<0.13 wt%) and reported a narrowing of columnar grains but did not report the Columnar to Equiaxed Transition (CET); however, they did achieve refinement of the alpha grain size. Rahman Rashid et al. [23] added 0.04 wt% boron to Ti-6Al-4V produced by single layer DLD cladding and although not reporting b grain refinement, the authors did report a refinement of the a grains size. Mohbooba et al. [46] also found columnar grain narrowing with boron addition to Ti-64 at 0.25 and 0.5 wt% boron but did not observe the CET during electron beam AM. At higher boron contents (1 wt%) it was not possible to resolve the prior-b grains using optical techniques. This is a common For the first time we presented reconstructed b grain EBSD results showing the extent of refinement achievable with boron addition to Ti-64, particularly at higher hypoeutectic concentrations which has not been previously explored. Similar to the reports in the literature, we found that Ti-64 adopts a columnar prior-b grain morphology but this undergoes a transition to a predominately equiaxed grain morphology with boron addition. Boron is one of the strongest known growth restricting solutes in the titanium system and will generate constitutional supercooling that enhances nucleation of equiaxed grains. The grain refining effectiveness of a solute, as determined by its rate of developing constitutional supercooling (DT cs ), is given by its growth restriction factor, Q [47] . In titanium, boron solute has a Q value of approximately 66c 0 where c 0 is the concentration in wt% [19] , which for each of the alloys studied here corresponds to Q ¼ 3.3 C, Q ¼ 33 C and Q ¼ 66 C for Ti-64-0.05B, Ti-64-0.5B and Ti-64-1B respectively (ignoring minor alloying elements Fe and O). It is worthwhile mentioning that although Ti-64 contains 10 wt% Al and V, both of these elements have Q z 0 C [24] and do not contribute to prior-b grain refinement which accounts for the columnar grain structure in Ti-64 produced by DLD.
Somewhat surprising is the present result that the grain size continues to decrease with increasing boron even up to 1 wt% (see Fig. 5 ). In Ti-64 castings, Tamirisakandala et al. [14] demonstrated a saturation limit at about 0.1e0.4 wt% boron whereby further additions of boron did not correspond to significant further prior-b grain refinement. This effect is well known in other cast metal systems and occurs once maximum DT cs is generated and all available nucleant particles in the alloy system of potency DT N become activated to seed equiaxed grains (i.e. DT cs ! DT N ). Once the solute saturation limit is reached, further refinement is only possible by increasing the density of nucleant particles [48] . The present result indicates, however, that the saturation point in DLD is higher than in castings which may be expected given that the cooling rates here are faster than in large castings. Increased cooling rates are associated with higher solid/liquid (S/L) interface growth rates (R) and steeper thermal gradients (G). While equiaxed grain formation is favourable when R is large and G is small, increasing the cooling rate will cause a reduction in the thickness of the boron solute diffusion layer ahead of the S/L interface (becoming more compressed) and the maximum DT cs will therefore occur closer to the interface [49, 50] . This will encourage more nucleation events closer to the S/L interface and smaller grain sizes will form (assuming that the alloy contains sufficient particles suitable for nucleation in the available DT cs ). Furthermore, it will also reduce the distance an equiaxed grain will need to grow before generating the maximum DT cs where the process repeats. Under this scenario boron solute becomes very important since the steeper G will act to reduce available DT cs , hence higher solute levels are required to rapidly generate sufficient DT cs .
The above discussion considers the scenario where the temperature gradient is low enough to permit a constitutionally supercooled zone to exist. However, under extremely steep temperature gradients this may not be the case and no nucleation events ahead of the S/L interface would occur. This can explain the observation that all boron containing alloys produced by DLD still contain evidence of some columnar grains. A similar observation was reported in wire based AM of titanium alloys where epitaxially grown columnar grains were believed to form at the bottom of each layer due to initially steep thermal gradients which precluded any generation of DT cs but as the thermal gradient reduced throughout solidification of the melt pool it produced DT cs and enabled equiaxed grains to form [51] . It is probable that a same mechanism is present here during DLD of Ti-64-xB alloys.
Effects of the boron additions on the reduction of the texture
In Ti-64 without boron addition, the texture indexes of the three examined areas (on the surfaces of X-Z, Y-Z and X-Y), which were above 30, were considerably higher than those in Ti-64 with boron additions. Even though the examined areas in Ti-64 only contained a few prior-b grains, which artificially made the texture indexes of Ti-64 even higher, there was no doubt that the texture in Ti-64 was strong, which is also commonly accepted in literature [52, 53] . In comparison, the texture intensity of Ti-64-0.05B dropped significantly, with texture indexes of the three examined areas lower than 4. The maximum texture intensities were in the range of 4e6 times random. Thus, the texture in Ti-64-0.05B could be considered as weak. With more boron addition, the texture became even weaker.
With the texture indexes lower than 2 and the maximum texture intensities lower than 3.6, the texture in Ti-64-1.0B was close to random.
Due to the very limited number of the transformed a laths sharing specific orientation relationships with the TiB particles, the reconstructed b results are trustworthy. With no boron addition, the epitaxially grown b grains were very large with their (001) planes aligned perpendicular with the thermal gradient direction, which is the building direction in DLD process [53] . A strong 〈001〉 b // N Z fibre texture of the b phase could thus be formed [52] . This explains the strong b texture in Ti-64, which also has the (001) planes aligned with the building direction. However, with boron addition, the 〈001〉 b // N Z fibre texture is significantly reduced. The local texture in both Ti-64-0.05B and Ti-64-0.5B is still quite sharp, while only some of the (001) planes are aligned perpendicular with the building directions as revealed in the pole figures of these two samples. In contrast, the texture in Ti-64-1.0B is very weak, with no identified 〈001〉 b // N Z fibre texture. The weakening of the texture is associated with equiaxed grain formation. However, as previously mentioned, a complete CET was not achieved and all alloys still contained some columnar grains. With a larger freezing range formed along the laser track, which extends the solidification time in Ti-64 with boron addition during the deposition process, the (Fig. 5d) . Thus, the 〈001〉b // NZ fibre texture formed during solidification process was reduced in Ti-64-0.05B
and Ti-64-0.5B, and completely eliminated in Ti-64-1.0B.
It is well known that the orientations of the secondary a laths transformed from two neighbouring prior-b grains with common {110} poles could obey variant selection mechanism [54e58]. To be specific, the (0001) poles of the transformed secondary a laths precipitated from the grain boundary of the two neighbouring b grains are likely to be aligned, providing that the misorientation of the {110} poles of these two b grains <10 [56, 59] . In Ti-64 without boron addition, the solidification b texture is strong, which indicates higher possibility of common {110} poles between two neighbouring b grains. As revealed in the EBSD result of the reconstructed b phase, the {110} poles of the b grains are highly aligned: the angular distance between the {001} poles in b 1 and b 2 is <10 and the angular distance between those in b 2 and b 3 is <5 (Fig. 6a) . Thus, the transformed a phase that precipitate from the common b grain boundaries is mostly likely to share similarly oriented (0001) poles, which leads to a strong a texture. In the three examined areas in Ti-64, which contain multi prior b grains, the a texture is extremely strong with common (0001) poles (Fig. 8a) .
In contrast, the {110} poles of the reconstructed b grains in Ti-64 with boron additions exhibit large scatters (Fig. 8a) , which could be attributed to the weakening of the 〈001〉b // NZ fibre texture. Thus, the possibility of two neighbouring b grains sharing common {110} poles is much lower. This leads to less variant selection during a precipitation process and makes the transformed a texture in Ti-64-xB weaker compared with that in Ti-64. Nucleation of the aphase from TiB particles will also reduce texture, which although does not occur for all a lamella, potentially does occur for some as strong orientation relationships between the a and TiB were found ( Fig. 12 ).
Influence of the boron addition on the tensile properties
The presence of large columnar grains, strong fibre texture and grain boundary a was reported as the main cause for the mechanical property anisotropy in Ti-64 [25, 53] . This also accounts for the strong mechanical property anisotropy in Ti-64 in this study. Despite the excellent ductility in the longitudinal orientation of Ti-64 (total elongation up to 29%), the average proof stress of 788 MPa in this study was below the minimum threshold for wrought Ti-64 according to AMS4928 (even though the transverse orientation exceeded the threshold).
With the addition of trace boron, the microstructures are significantly refined, which includes a presence of equiaxed prior-b grains, a refinement of transformed a laths and the elimination of grain boundary a, and a reduction in the transformed a texture.
This was associated with a significant reduction in the mechanical property anisotropy. Furthermore, the proof strength in longitudinal direction of Ti-64-0.05B is increased significantly from that of Ti-64. The reduction in the a lath thickness with more boron addition contributes to the increase of the strength as explained by the Hall-Petch relationship ( Fig. 10 and 16 ). However, with boron addition of 1.0 wt%, the yield stresses are obviously higher than the values expected from the Hall-Petch relationship, even with lower oxygen content that can significantly strengthen the a phases. This indicates the contribution of the TiB particles to the strengthening effect, which is already explained in the literature [60, 61] . The addition of 0.05 wt% trace boron to Ti-64 is effective in increasing the strength and reducing the mechanical property anisotropy while still meeting the tensile property requirements (including ductility) outlined in AMS4928.
However, with higher boron addition, the material becomes more brittle. The ductility decreased to approximately 10% as the boron addition increased to 0.5 wt%, which makes this material difficult to meet the criteria for the ductility of Ti-64 specified in AMS4928. The dominant fracture mode also changes from fine dimples that indicating about high ductility, to transgranular crack features that indicating about low ductility as revealed on the fracture surfaces (Fig. 15 ). The elimination of grain boundary a by boron addition could increase the ductility [69] , especially in the transverse direction with the grain boundary a perpendicular with the loading axis, while the domination of transgranular fracture and the presence of brittle TiB phases could decrease the ductility. In wire based AM with a much slower cooling rate, large TiB particles (up to 50 mm in length) were detrimental to ductility in the longitudinal orientation and were identified as a failure mode during tension [26] . Thus, the ductility of Ti-64-0.05B is higher than that of Ti-64 in the transverse direction, and both of the two materials have ductile fracture surfaces. However, with higher boron additions (Ti-64-0.5B and Ti-64-1.0B) comes a higher volume fraction of TiB which is a source of crack initiation under tensile loading (despite increasing the strength of the alloy). Other research has shown that large TiB particles can be detrimental to tensile ductility and act as a crack initiator [26, 44, 70] . By comparing the Ti-64 with different boron additions in this study, it seems that the addition of trace amount of boron (0.05 wt%) is the most beneficial for achieving balanced tensile properties in Ti-64.
Conclusion
In this study, a comprehensive investigation of the influence of different boron additions (0.05 wt%, 0.5 wt% and 1.0 wt%) on the microstructures and textures, and the tensile performance of direct laser deposited Ti-64 was carried out. The following conclusions can be drawn from this study:
1. The b grains formed during the solidification of direct laser deposition is significantly refined due to the boron addition. In contrast to the results reported in cast Ti-64 with boron addition, a higher saturation of constitutionally supercooling is achieved in DLD process with considerably higher cooling rate, which leads to more nucleation closer to the solid/liquid interface and forms smaller equiaxed grains.
2. The strong 〈001〉 b // N Z fibre texture of the b phase, formed by the alignment of the {001} planes of the b phase with the building direction during manufacturing process in Ti-64, is eliminated through boron addition. The reconstructed b EBSD results confirmed the weakening of b texture with boron addition. Furthermore, the reduction of b texture leads to less variant selection of the transformed a phase, and form weaker a texture.
3. With boron additions to Ti-64, the tensile strength is increased, and the tensile property anisotropy is reduced. This is attributed to the refinement of the microstructures, including the elimination of large columnar grains and grain boundary a and the formation of refined a laths with a smaller aspect ratio, as well as the weakening of a texture. The presence of TiB particles also contributes to the strengthening. However, more TiB particles form with higher boron addition, which embrittles the material and reduces the ductility. Balanced tensile properties were achieved with 0.05 wt% boron addition. 
